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4.  LIST  OF  ATTENDEES 


1.  INTRODUCTION 


This  workshop  on  "Superlattice  Disordering"  represents  the  eleventh  of  a 
series  of  intensive  academic/  government  interactions  in  the  field  of 
advanced  electro-optics,  as  part  of  the  Army  sponsored  University  Research 
Initiative.  By  documenting  tne  associated  technology  status  and  dialogue  it  is 
hoped  that  this  baseline  wil  serve  ail  interested  parties  towards  providing  a 
solution  to  high  priority  Army  requirements.  Responsible  for  program  and 
program  execution  are  Dr.  Nicholas  George,  University  of  Rochester  (ARO- 
URlfand  Dr.  Rudy  Buser,  CCNVEO. 


2.  SUMMARY  AND  FOLLOW-UP  ACTIONS 


Dr.  Buser  opened  the  session  with  remarks  on  the  NVEOC  mission  in  optical 
materials  research.  Dr.  Buser  stressed  the  directions  in  which  epitaxial  growth 
and  processing  efforts  must  go  to  achieve  sophisticated  new  device  types 
needed  by  the  military,  and  the  Army  in  particular. 

The  first  talk  was  a  tutorial  in  response  to  a  request  from  NVEOC  personnel 
on  the  implications  of  the  quantum  size  effect  in  lll-V  semiconductors  for 
lasers,  modulators,  and  detectors.  The  tutorial,  given  by  Prof.  Houde-Walter, 
emphasized  the  differences  between  performance  and  characteristics  of 
quantum  well  and  double  heterostructure  lasers,  bulk  and  quantum  well 
modulators  utilizing  the  quantum-confined  Stark  effect,  and  some  newly 
proposed  GalnSb/lnAs  strained  layer  superlattice  structures  which  may  mimic 
the  absorption  spectra  of  HgCdTe. 

Prof.  Houde-Walter  next  gave  a  presentation  on  the  current  research  at  the 
Institute  of  Optics  in  superlattice  disordering  and  its  application  to  monolithic 
integration  in  lll-V  semiconductor  optoelectronics.  Methods  for  improving 
state-of-the-art  lateral  resolution  in  AIGaAs/GaAs  were  described  and  results 
from  preliminary  calculations  were  presented. 

Current  efforts  in  molecular  beam  epitaxy  at  NVEOC  were  next  given  by  Dr. 
John  Dlnan.  Fabrication  of  CdTe/lnSb  buffer  layers  for  HgCdTe  structures  and 
CdTe/CdZnTe  superlattice  structures  was  discussed,  as  was  MBE  growth  of 
InSb  on  CdTe  and  CdTe  on  InSb.  The  studies  of  InSb/CdTe  interfaces  revealed 
a  chemical  reaction  between  InSb  and  CdTe  which  resulted  in  non-abrupt 
heterostructure  definition.  Improvement  in  interface  quality  was  achieved  by 
careful  control  of  component  flux  ratios  during  growth. 

Dr.  Ronald  Graft,  also  from  NVEOC,  followed  with  a  discussion  of 
computationally  efficient  numerical  modeling  techniques  for  simulating  the 
presence  of  impurities  in  bulk  semiconductors  and  for  modeling  superlattices. 
A  recursion  method,  used  to  describe  the  effect  of  impurities  and  point 
defects,  and  a  renormalization  method,  which  was  used  to  model 
superlattices,  were  presented. 

Dr.  Paul  Armirtharaj  gave  a  review  of  the  photoreflectance  technique  and 
discussed  his  application  of  the  method  to  ll-VI  semiconductors.  A 
demonstration  of  the  sensitivity  of  the  technique  to  processing  (implant  and 
anneal)  and  characterization  of  CdZnTe  alloys  and  CdTe/ZnTe  superlattices 
were  presented. 

The  properties  of  CdTe/lnSb  interfaces  and  molecular  beam  epitaxial  growth 
of  ln2Te3  layers  on  InSb  (100  substrates  were  described  by  Dr.  Michael 
Martinka  of  NVEOC.  In  an  effort  to  achieve  lnSb/ln2Te3/lnSb  and 
lnSb/ln2Te3/CdTe  multilayers,  InSb  and  CdTe  were  grown  on  epitaxial  in2Te3 
layers.  Characterization  revealed  pronounced  mixing  of  the  alloys,  consistent 
with  thermodynamics  of  the  lnSb/ln2Te3  interface. 

Dr.  Gary  Wood  of  NVEOC  gave  a  presentation  of  results  from  a  joint 
NVEOC./Rockwell  International/University  of  Illinois  collaboration  on  optical 
nonlinearities  in  semiconductor  multi-quantum  wells.  The  physical  origins  of 
nonlinearities  in  bulk  and  quantum  well  semiconductors  were  discussed  in 


detail.  HgCdTe  multi-quantum  wells  with  a  sawtooth  profile  were  designed, 
grown,  and  their  electrical  properties  were  characterized.  Afterwards  Prof. 
Houde-Walter  compared  NVEOC's  data  using  a  well-known  figure  of  merit 
for  nonlinear  materials  (X(3)/at). 

The  last  presentation  by  NVEOC  was  given  by  Dr.  David  Caffey  on  laser  diode 
arrays.  Blocks  of  commercial  diode  arrays  were  used  to  pump  zig-zag  YAG 
oscillators.  Adequate  heat  sinking  in  a  dense  array  of  lasers  was  a  concern. 
Despite  some  thermal  detuning  of  the  optical  emission  of  the  pump,  good 
pumping  efficiencies  were  achieved. 

The  seminar  concluded  with  a  lively  discussion  of  the  process  of  developing 
new  materials  into  state  of  the  art  devices.  Dr.  John  Pollard  expressed 
interest  in  improvement  of  the  noise  characteristics  of  avalanche 
photodiodes  and  Prof.  Houde-Walter  suggested  that  quantum  well 
avalanche  structures  might  have  improved  signal-to-noise  ratios. 

Follow-up  has  included  informal  swapping  of  technical  papers  and  continued 
discussions  between  Prof.  Houde-Walter  and  NVEOC  personnel  on  heat 
sinking  laser  diodes  and  the  unique  ability  of  impurity-induced  disordering  to 
generate  window  transparency  and  reduce  facet  damage  in  high-power  laser 
diode  arrays. 
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INTRODUCTION. 


RUDY  BUSER. 


DECEMBER  7,1988. 

CECOM  CENTER  FOR  NIGHT  VISION 
AND  ELECTRO-OPTICS 


Dr.  Buser  indicated  the  importance  of  controlled  layer 
growth  for  the  next  generation  of  device  structures  and  the 
impact  th.is  has  already  had  on  the  laser  technology.  The 
disordering  of  superlattices  to  obtain  controlled  electronic 
properties  was  particularly  interesting  and  provides  the 
material  scientists  with  new  tools  to  fabricate  special 
devices.  He  also  discussed  in  the  opening  remarks  the  future 
possibility  of  providing  a  new  sensor-processor  which  was 
integrated  on  one  focal  plane.  The  conceptual  structure  is 
given  in  the  following  view-graph  which  conbines  a  detector 
plane  with  an  electronic/optical  "neural  net"  type  processor 
coupled  wit.h  an  associative  memory  and  output  display  for 
autonomous  recognition  systems.  This  will  necessitate  the 
development  of  the  growth  of  superlattice  type  strutures  in 
semiconductor  materials  and  their  appropriate  modification 
under  controlled  conditions.  The  future  investment  at  C2WE0 
will  provide  for  the  controlled  growth  of  materials  using 
the  methods  of  molecular  beam  and  chemical  beam  epitaxy. 


STATUS  OF  E-0  SIGNAL  PROCESSING  ISSUES 
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SEMICONDUCTOR  CRYSTALS 


V(x) 

V(x+a)  =  V(x) 

1-D  crystal  with  N  atoms  and  period  "a” 

Solutions  to  Shrodinger  equation  with  periodic 
potential  are  Bloch  functions: 

¥k(x)  =  elkxuk(x) 

where  uk(x)  =  uR(x+a) 

k  is  crystal  momentum: 

v  -  2m7i 
K  "  Na 

Result:  certain  energies  are  not  allowed;  "band  gap" 

2  2 

E  =  hk 

Nearly  free  electron:  2m 


QUANTUM  SIZE  EFFECTS 


Nearly  free  electron  model  (bulk): 


2  2  2 
M*»  +  IV 
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density  of  states 


»  discrete  number  of  bound  states. 


3-D  Semiconductor  Crystal,  1-D  Confinement 
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like  2-D  nearly  free  electron 
model  for  each  n 


result:  constant 
density  of  states 
for  each  n. 
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Quantum 


Particle  in  a  1-D  well  of  finite  height,  Vo,  and  width  Lz 
In  the  well: 
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Form  lattice-matched  heterostructure,  e.g.: 

(AlxGai  -xAs/ AiyGai  -yAs) 
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OTHER  FEATURES  OF  ABSORPTION  SPECTRA 


1 .  Room  temperature  excitons 
exciton:  hydrogen-like  e-h  pair  bound  together  by 
Coulomb  force 

confined  in  QW,  e-h  pair  has  smaller  orbit 
radius==>stronger  binding  energy 


excitons  absorb/emit  light  at  hv  =  Eg  -  Eex  where  Eex  is 
the  energy  required  to  thermally  ionize  exciton 


From:  J.  Ralston,  Ph.D.  thesis,  Cornell  Univ.  1988 
Consequence:  absorption  spectra  is  further  sharpened 


PriATlvC  ABSORPTION  (cm 


2.  Polarization  Selectivity 

Angular  momentum  selection  rules  yield  different 
oscillator  strengths  for  light  and  heavy  hole  transitions: 


Heavy  hole:  a  =  3  n  =  0 
Light  hole:  a  =  1  n  =  4 


Light  polarized 


parallel  to  layers:  both  Ih  &  hh  excitons 
perpendicular - »only  Ih  excitons 


Modified  from:  Weiner,  et  al  APL  50,  p843  (3/30/87) 


Consequences: 

birefringence 

extra  polarization  selectivity  in  waveguides 


Two  Coupled  Quantum  Wells 

(n  coupled  quantum  wells  =  superlattice) 

(n  iincoupled  quantum  wells  =  multi-quantum  well) 
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How  do  dimensional  constraints  affect  refractive 
index? 

Dielectric  constant: 

2 

e  =  e  +  i  e2  =  (n  +  i  k) 


where 


n  =  refractive  index 
k  =  extinction  coefficient: 


1  he 

2  he o 


a 


Kramers-Kronig  relations: 


Calculated  refractive  indices: 
bulk  semiconductor 

c2  •»  A(fv-EgT 


quantum  well 


i2*{A0(h^-E,) 

♦BXh^-E,)} 


Experimental: 

ref:  Y.  Suzuki  and  H.  Okamoto,  J.  Elec.  Mats.  12, 397  (1 983) 

Compare  refractive  index  (dispersion)  of  bulk 
Alo.3oGao.?oAs  to  GaAs/AIAs  SL's  with  various  barrier 


1.3  1.4  1.5  1.6  1.7  1.8 

PHOTON  ENERGY  (eV) 

Note:  for  a  fixed  average  alloy  composition,  one  can 
make  large  changes  in  refractive  index  by  tailoring 
heterostructure  dimensions. 

»useful  degrees  of  freedom  in  device  design 

lasers 

waveguides,  lenses,  modulators 
detectors 


QSE  IMPLICATIONS  FOR  LASERS 
(based  on  invited  talk  by  A.  Yariv,  LEOS  '88  (THE-3)) 
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DH 


Only  these  electrons 
contribute  to  gain 
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1.  Threshold  Current 

ref.:  Arakawa,  et  al,  IEEE  JQE,  QE-21.  p666  (10/85) 


Semiconductor  is  transparent  when  conduction  band 
Fermi  level  penetrates  the  density  of  states 


=  1.5x10 


12  elec 

___2  ^ 
cm 


1.5  x  1018^!^ 
cm 


Transparency  is  independent  of  confinement  geometry 


V 


active 


Quantum  well  lasers  typically  have  20-40x  smaller 
active  volume  »  proportionately  smaller  threshold 


Modal  gain  =  confinement  factor  x  gain 


*Since  maximum  gain  is  approx.  100  crn-i,  require  low 
losses  to  achieve  lasing  in  SQW  laser. 

‘Increase  modal  gain  by  increasing  T:  use  MQW's. 

»Therefore,  use  MQW's  (typically  N=3) 


9max(N  QW's)  =  N  gmax(SQW) 

AA4(ia.t 

where  N  *  number  of  QW's 


From:  Arakawa,  et  al  IEEE  JQE  QE-21 .  p666  (10/85) 


ref.:  Yariv,  APL  fit  pi 033  (9/19/88) 


|3D  a  NTr  (WL  L)  +  Wd  |nJ_  +  a 

'Thresh  U  ,N3D'VVI“21-/  +  q'  ,nR  +  q' 

©an  11  ©  an 


scatt 


80% 


mirror  &  scattering 
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*The  dominant  contribution  to  threshold  approaches 
zero  as  end  mirror  reflectivities  approach  unity. 


e.g.  for  R~>1  and  a=0  the  minimum  threshold  current 
density  is 

iThresh  min/cm2  =  60A/cm2 

»>  IThresh  =  0.1  mA  for  typical  device  dimensions 

(W=1.5pm,  L=120  pm) 


4.  Laser  Linewidth 

ref.:  Derry,  et  al,  APL  53,  p271  (7/25/88) 

QW  lasers  have  narrower  linewidths 
Av  =  (1  +  a2 )  A\)e  .  ,  _ 

'  '  Schalow-Townes 


where  a  = 


dxR/dN 

dx/dN 


and  x  =  XR  +  be,  .  complex  susceptibility 


INVERSE  OUTPUT  POWt  R  (n.W  ’) 


FIO  I  Spectral  linewidlh  a*  i  fund  ion  «>f  the  tcciprncal  «if  I  lie  uiiipm  |»<u 
ei  a)  facet  with  tellrcliwly  H,  fur  an  mu >ialc>l hut  led hcicioviiiiv  Inn  tiPIS 
SCII  SQW  liver  and  for  tile  w»n  laver  with  mated  facet  rcllcclmn. - 
-  I5r,;  md  H,  ■-  Viv; 

Slope:  DH:  74.7  MHz  mW 

QW  (R=31  %):  28.3 

QW  (R=90%):  5.9 


A\)  =  6MHz@  1.3  mW 


5.  Modulation  Bandwidth 
ref.:  Arakawa  (as  above) 


where  g’  =  dg/dn 

P0  =  power  inside  cavity 

and  Tp  =  photon  lifetime  in  cavity 

QW  lasers  have  about  twice  modulation  bandwidth  of 
DH  lasers. 


In  sum: 

QW  lasers  can  be  designed  to  have: 

lower  current  thresholds  than  DH  lasers;  these  low 
thresholds  can  be  further  reduced  by  reflective 
coatings, 

smaller  (2-3x)  modal  gain  than  DH  lasers  (for 
single  QW  lasers);  same  modal  gain  for  MQW 
lasers  ( typically  2-3  QW's), 

narrower  linewidths  (about  5x  narrower  than 
equivalent  DH  lasers), 

twice  the  modulation  bandwidth  of  DH  lasers. 


AflMlVC  ••SOtWTKM  tori' 


QSE  IMPLICATIONS  FOR  MODULATORS 

1.  Quantum  Confined  Stark  Effect 

ref.:  D.A.B.  Miller,  et  al,  Phys.  Rev.  B,  32,  1043  (85) 


Eappi  perpendicular  to 
plane  of  layers 
E=104  V/cm  (typically 
across  10-4  cm) 


Eg  decreases  as  Eappi  becomes  stronger 


Eopt  parallel  to  layers  Eopt  perpendicular  to 

layers 


From:  Weiner,  et  al,  APL  50,  p843  (3/30/87) 


ref.:  Wood,  JLWT  £,  p743  (6/88) 

AaMQW  =  50x  AaGaAs  bulk  (is  comparable  to  LiNb03) 
residual  aborption  for  typical  device  =  2  dB 
typical  device  speeds  r  3-5  GHz 


B.  Electro-refraction:  Phase  modulators 

ref.:  Weiner,  et  al,  APL  50,  p842  (3/30/87) 

Zucker,  IGWO  '88,  paper  MA-2 

Not  useable  near  band  edge  due  to  unacceptable  aborption 
losses 

Far  from  band  edge,  10“4<An<10“3  with  minimum  chirp 
Dominant  electro-optic  effect  is  quadratic  with  Eappl 

An  =  -  -i  n3  s  E%Ji 


Bias  to  achieve  small  modulation  voltages  with  min.  chirp. 


2.  Other  Modulators 

A. Exciton  Field  Ionization 

Eappj  parallel  to  layer  interface:  rip  exciton  apart 
with  large  fields  (1 05  V/cm) 

2-5x  larger  An  than  QCSE  (penalty  is  higher  field 
strength) 

B.  coupled  quantum  wells 

C.  direct  to  doubly  indirect  switching  of 
superlattices 


QSE  Implications  for  Long  Wavelength  Detectors 

ref.:  C.  Mailhiot  and  D.  Smith  J.  Vac.  Sci.  Technol.  B  5.  pi 268 
(Jul/Aug  87) 

Propose  Type-ll  strained  layer  GalnSb/lnAs  SL 
to  replace  HgCdTe: 

*III-V's  are  relatively  easy  to  process 

‘Relaxed  tolerances  (e.g.  bandgap  less  sensitive 
to  QW  thickness  than  on  HgCdTe  alloy 
composition) 

‘Reduced  dark  current 


Type  I  Superlattice: 

Bottom  of  conduction  band  and  top  of  valence  band 
coincide  in  space. 


Type  II  Superlattice: 

Bottom  of  conduction  band  and  top  of  valence  band 
don't  coincide  in  space. 


ABSORPTION  COEFFICIENT  a  (cm"1) 


GaSb 


InAs 


Negative  bandgap  in  bulk; 
negligible  overlap  of 
wavefunctions 


GaSb  ^As 


. - 

Sk 

_ 

k_ 

i 

Tuneable  bandgap  by 
QSE;  negigible  overlap 
of  wavefunctions 


GalnSb  InAs 


H 


Introduce  strain  by  barrier 
alloy;  suppresses 
bandgap  so  can  further 
squeeze  QW;  result  is 
significant  overlap  of  e-h 
wavefunctions 


WAVELENGTH  (Hm) 


from  D.  Smith  and  C.  Mailhiot  J.  Appl.  Phys.  62  p2545 

(9/15/87) 


QSE  materials  is  a  new  class  of  materials  with  extra 
useful  degrees  of  freedom 

Many  parameters: 

QW  thickness,  barrier  thickness 
Number  of  QW's 

Well,  barrier  compositions,  doping 
Extent  of  optical  confinement 
Etc. 


»  well  suited  to  design  ana  engineering  of  opto¬ 
electronic  circuity 

»  good  candidate  for  monolithic  integration 


Heterostructures  are  grown  epitaxially 
molecular  beam  epitaxy 
metallorganic  chemical  vapor  deposition 


epilayers 
(2*6000  A) 


GaAs  substrate 


INTEGRATION:  grow  one  structure,  use  same  base 
material  for  all  components 

define  componentsfe.g.  ridge  waveguides, 
heterostructure  lasers)  by  removing  surrounding 
material  (ion  beam  etching,  cleaving,  etc.) 

Disadvantage: 

scattering,  band  bending,  not  planar,  etc. 

Objective:  change  bandgap  and  refractive  index  locally 
to  define  components 

New  Method:  smooth  abruptness  of  heterostructures 
locally 


T.  PERNlEX,  et  al,  fcidl.  A«t/.  Soc.'  ^  f  11^) , 


Partial  Mixing  of  heterostructure  interfaces: 


z 


Use  to  tune  emission  wavelength  of  lasers 

ref:  M.  Camras,  et  a!.,  App!.  Phys.  Lett.,  54,  p5637  (1983) 


Mixing  is  enhanced  by  impurity  transport 

ref:  W.D.  Laidig,  et  al,  Appl.  Phys.  Lett.  38, 776  (1981) 


MASKED  Zn  DIFFUSION  INTO 
SL 


Zn2As3 

Si3N4 

AlAs/Ga 
As  SL 


small  bandgap 
high  index 


large  bandgap 
low  index 


r 


Waveguides: 

ref.:  F.  Julien,  et  a!.,  Appl.  Phys.  Lett,  5Q,  866  (1987) 


disorder  boundary 


GaAs  substrate 


GaAsQW 


Grating  Couplers: 

ref.:  J.  Ralston,  et  a!.,  GaAs  &  Related  Compounds  (1985),  367. 


3500  A  ^ 

< - > 


Masked  Se  implantation,  grating  period  A  =  3500A,  1.15  urn 


Lasers: 

Reduce  facet  damage  by  increasing  Eg  at  output 
windows 

ref.:  R.  Thornton,  et  at,  Appt.  Phys.  Lett,  49. 1572  (1986). 


cw  cuM'E'rr  (A) 

Monolithic  Integration: 

Laser,  waveguide  and  modulator 

ref:  R.  Thornton,  et  at,  J.  Lightwave  Tech.,  fi,  786  (June  1988). 


General  Phenomenon: 


Alloy _ Species _ Site 


AlxGai-xAs/AlyGai-yAs 

P,  Ga,  Al,  Viu 

Zn 

Hi 

Si,  Ge 

S.  Se 

_ GaP/GaAsi.yPy _ 

Zn 

V 

H 

III.  V 

Electrically  inactive  species: 

Ga,  Al  implant  and  anneal-  collisions  mixing 
P  implant  and  anneal  -  collisions  mixing,  strain(?) 
Viu  -  Ga  gettering  into  cap  layer 

Electrically  active  impurities: 

Impurity  diffusion  from  ext.  or  grown-in  sources 
Ion  implantation  -  two  stages: 

collisions 
impurity  mixing 


Can  pattern  by  beam  writing  or  photolithography 

waveguides  and  gratings 
low  threshold  lasers 
high  power  lasers 


THIS  WORK:  Brian  Olmsted 

(in  collaboration  with  Gary  Wicks) 

GOAL:  Monolithic  Optoelectronic  Integration 
»improved  lateral  resolution  for  component  definition 


Zn  diffusion 


Si  diffusion 


mixing  species  concentration 


Control  diffusion  of  mixing  species  by  applied  electric 
field 


0.0  0.5  1.0  1.5  2.0  2.5  xlO 

depth  into  heterostructure  (arb.  units) 


drive  in  mixing  species  perpendicular  to 
heterostructure  layers;  little  time  for  sideways  diffusion. 


diffusion  dominated 


mask  edge 


drive  in  mixing  profile; 
little  time  for  sideways 
diffusion. 


Use  evaporated  source  or  gettering  layer: 

\ 


Use  to  study  1ID  mechanism,  fabricate  components. 


‘Improve  lateral  resolution 


currently  sideways  mixing  is  greater  than 
penetration  ==>  improve  by  order  of  magnitude 

•Design  low  loss  structures 

currently  a=3-4  crrM  ==>  a<1  cm-i 

•Build  integrated  optoelectronic  systems  including 
basic  optical  component  types: 

sources 

lasers 

modulators 

electroabsorption 

electrorefraction 

passive  components 

waveguides 

couplers 


detectors 
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MBE  at  CCNVEO 


CdTe  / InSb 

H  -  VI  SUPERLATTICES 

HgCdTe 

IN  SITU  ARRAY  PROCESSING 


CdTe  / InSb 


substrate  /  buffer  for  HgCdTe  epitaxy 


2D  gas 


resonant  tunneling  structure 


quantum  well  detector 


quantum  well  laser 


10151  10000  IMS'’  11000  01050  11100  01150  01200  10*  D*|rni 


-CdTe  p-lnSb 


«um  IS’ It 
il'tlMM 


Voltage  (V) 


II -VI  SUPERIATTICES 


CdTe  /  CdZnTc  superlattices 


dislocation-filter  for  HgCdTe  epit^cy 


SUBSTRATE 


m  -  SITU  PROCESSING  OF  ARRAYS 


growth 
mesa  etching 
metal  ization 


passivation 
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ELECTRONIC  STRUCTURE 
CALCULATIONS 


OUTLINE 

Recursion  Method 
General  Remarks. 

Application  to  point  impurities  and  defects. 

Renormalization  Method 
General  Remarks. 

Application  to  Superlattices. 


COLLABORATORS:  Prof  L.  Resca  and  D.  Lohrmann 

The  Catholic  University  of  America 
Washington,  DC 

Prof  G.  Pastore-Parravicini 
University  of  Pisa 
Pisa,  Italy 
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Termination  of  the  continued  fraction. 

Tlghtblndlng  parameterization  (good  effective 
masses  etc). 


RENORMALIZATION  METHOD 
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RENORMALIZATION  METHOD 

(Continued) 


RENORMALIZATION  METHOD 

(Continued) 


RENORMALIZATION  METHOD 

(Continued) 


so  that  two  sets  of  matrices  are  required. 


RENORMALIZATION  METHOD 

(Summary) 

The  renormalization  method  Is  particularly  suited  to 
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Abstract 

We  report  studies  of  the  molecular  beam  epitaxial  growth  of  I&2Te3.  The  unique  structure 
of  In2^c3*  with  1/3  of  the  In  sublattice  sites  vacant,  is  of  fundamental  interest  for  molecular 

beam  epitaxial  growth  dynamics.  We  show  that  thin  film  (500A-7000A)  single  crystal 
In2Te3  can  be  grown  successfully  on  InSb(lOO)  homoepitaxial  layers  at  substrate 

temperatures  of  300  -  350°C  and  Te/In  flux  ratios  of  3/2  -  3/2.  Epitaxy  has  been  monitored 
by  reflection  high  energy  electron  diffraction  and  the  stoichiometry  of  the  grown  layers 
assessed  by  Auger  spectroscopy  and  energy  dispersive  X-ray  analysis.  Raman  studies  of 
the  layers  are  presented  and  compared  with  a  bulk  In2Te3  standard.  Crystal  structure  has 

been  determined  by  X-ray  diffraction  using  Weissenburg  and  oscillation  photographs, 
confirming  that  the  layers  have  a  f.c.c.  crystal  structure  with  a  lattice  parameter  of  18.50A, 
in  excellent  agreement  with  the  bulk  value.  Bandgap  measurements  have  been  performed 
on  the  layers  by  photoreflectance.  We  report  a  value  for  the  a-  In2Te3  bandgap  of  1.19  eV 

and  1.31  eV  at  300K  and  77K  respectively.  Molecular  beam  epitaxial  growth  of  InSb  and 
CdTe  on  epitaxial  In2Te3  films  for  fabrication  of  InSb/In2Te3/InSb  and  InSb/ 
In2Te3/CdTe  multilayers  has  been  studied.  Auger  depth  profiling  of  the  resulting  layers 
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shows  severe  intermixing  into  the  In2Te3.  These  results  are  supported  by  thermodynamic 
considerations  of  the  InSb-In2Te3  interface. 

Introduction 

In  the  course  of  a  study  into  the  molecular  beam  epitaxial  growth  (MBE)  of  InSb/CdTe 
multilayers  and  superlattices,  it  has  been  found  1*2  that  there  is  a  strong  chemical  reaction  at 
the  InSb/CdTe  interface  during  growth  at  substrate  temperatures  compatible  with  the 
growth  of  high  structural  and  electronic  quality  of  both  InSb  and  CdTe  (275*300  °C). 

Recent  studies3*4.5,6  by  soft  X-ray  photoemission  and  Raman  spectroscopy  of  the 
heterojunction  formed  from  the  MBE  growth  of  CdTe  on  InSb  under  stoichiometric  flux 
conditions  and  growth  temperatures  of  200-300°C  reveal  that  the  InSb  and  CdTe  react  to 
form  a  complex  interface  identified  to  consist  predominantly  of  In2Te3  and  elemental  Sb. 

In2Te3  is  a  defect  zinc  blende  type  semiconductor  with  a  bandgap  of  approximately  1  eV, 

lying  between  that  of  InSb  (Eg«0.18eV)  and  CdTe  (Eg»1.44eV).  Thermodynamic 
considerations  of  the  stability  of  In2Te3  with  respect  to  InSb  and  CdTe^.8  led  us  to 
examine  the  possibility  of  MBE  growth  of  In2Te3  for  use  as  a  barrier  between  the  CdTe 

and  InSb  to  facilitate  fabrication  of  InSb/CdTe  multilayers,  and  the  interesting  possibility  of 
exploiting  the  large  difference  in  badgaps  between  InSb  and  In2Te3  to  grow  InSb/In2Te3 

multilayers  for  novel  quantum  well  structures. 

In  this  paper  we  present  results  of  the  study  of  the  MBE  growth  of  In2Te3  and 
characterization  of  the  grown  layers.  We  show  that  thin  film  single  crystal  In2Te3  can  be 

grown  on  InSb  (100)  homoepitaxial  layers.  Reflection  high-energy  electron  diffraction 
(RHEED)  was  used  to  monitor  growth  of  the  In2Te3f  and  stoichiometry  of  the  grown 

layers  was  assessed  by  Auger  spectroscopy  and  energy  dispersive  X-ray  analysis.  Raman 


spectroscopy  of  the  Io2Te3  MBE  grown  layer  was  compared  with  a  In2Te3  bulk  sample  to 
verify  chemical  composition.  The  crystal  structure  of  the  In2Te3  layers  was  determined  by 

X-ray  diffraction  techniques,  confirming  a  f.c.c.  structure  with  a  lattice  parameter  of 
18.50A,  indicating  that  the  MBE  grown  In2Te3  is  in  the  alpha  phase  (a-In2Te3)9  where 
the  In  sublattice  vacancies  are  ordered.  The  bandgap  of  the  In2Te3  layers  has  been 

determined  by  photorefiectance,  yielding  a  value  of  1.2eV  at  300K  and  1.31eV  at  77K. 
As  a  preliminary  investigation  into  InSb/In2Te3/CdTe  and  InSb/In2Te3  multilayer 
structures,  we  have  studied  the  MBE  growth  of  InSb  and  CdTe  on  500A  thick  In2Tc3 

epilayers.  Auger  depth  profiling  has  been  used  to  examine  the  layers  and  their  interfaces. 
Results  show  a  severe  intermixing  of  both  the  CdTe  and  InSb  into  the  In2Te3  layers.  The 
experimental  results  are  supported  by  thermodynamic  considerations  of  the  InSb-In2Tc3 
interface.  Points  of  interest  are  discussed 

Experimental 

The  In2Te3,  InSb  and  CdTe  layers  were  grown  in  a  Varian  360  MBE  system  equipped 
with  a  quadropole  mass  analyzer  and  in  situ  RHEED  and  flux  monitoring  facilities.  Base 
pressure  during  growth  was  below  5X1  O'10  Torr.  The  InSb(lOO)  substrates  were  solvent 
cleaned  and  mounted  onto  molybdenum  heating  blocks  using  a  colloidal  suspension  of 
graphite  in  alcohol.  Immediately  before  growth  the  native  oxide  was  removed  from  the 
substrate  surfaces  by  heating  at  410  °C  in  an  Sb4  flux.  A  1000 A  InSb  buffer  was  grown 
on  all  substrates  to  ensure  a  consistent  high  quality  InSb  (100)  surface  present  for  the 
growth  of  the  Indium  telluride. 

Separate  effusion  cells  containing  high  purity  In,  Sb,  CdTe,  Cd  and  Te  were  used  for  the 
growth  of  the  InSb,  CdTe  and  In2Te3  layers.  A  relative  measure  of  the  flux  from  a  given 

/  cell  was  obtained  by  interposing  an  ion  gauge  flux  monitor  into  the  molecular  beam  and 


relating  the  measured  beam  equivalent  pressure  to  the  cell  temperature,  molecular  weight 
and  ionization  efficiency  of  the  beam  species. 

Indium  telluride  growth  was  studied  for  substrate  temperatures,  Ts  within  the  range 
300£Ts<350°C  and  Te/In  flux  ratios  (Ije^In)  between  1<  Jje/^In  <3/2.  The  Te/In  flux 
ratio  range  was  restricted  to  help  avoid  the  possibility  of  growth  of  the  compounds  InTe 
and  In2Te5.  The  In  cell  setting  was  kept  constant  throughout.  Growth  rates  were 
estimated  to  be  0.2  pm/hr  as  calculated  from  the  measured  In  flux,  assuming  a  unity 
sticking  coefficient  far  the  In. 

Following  growth  the  samples  were  analyzed  by  Auger  spectroscopy,  and  the  atomic  and 
weight  percentages  of  the  layers  were  assessed  by  energy  dispersive  X-ray  analysis  (EDX) 
using  a  standard  facility  with  an  accelerating  voltage  of  IS  KV  and  a  beam  current  of 
approximately  8X10-10  amps.  All  layers  examined  by  EDX  were  -7 000 A  thick  to  ensure 
there  would  be  no  contributions  from  the  InSb  substrate  appearing  in  the  EDX  spectra.  A 
sample  of  bulk  In2Te3  supplied  by  CERAC/PURE  Inc  was  used  for  standardization 

purposes  for  both  the  Auger  and  EDX  analysis.  Selected  layers  were  further  characterized 
and  studied  by  Raman  spectroscopy.  X-ray  diffraction  techniques  and  photoreflectance. 
During  the  course  of  our  studies,  it  became  apparent  that  the  In2Te3  was  oxidizing  over  a 

period  of  time  when  exposed  to  atmosphere.  To  avoid  oxidation  during  transportation  for 
the  Raman  studies,  a  50A  Sb  cap  layer  was  deposited  at  room  temperature  on  the  In2Tc3-  It 

has  been  reported  that  Sb  deposited  under  these  conditions  may  be  either  amorphous  or 
crystalline,  dependant  on  the  substrate  and  thickness^*  RHF.F.D  studies  during  deposition 
of  the  Sb  indicated  that  the  Sb  was  amorphous.  The  Raman  studies  employed  an  Argon 
ion  laser  as  an  exciting  source  (X*514.5  nm,  P*40mW)  with  the  spectra  taken  in  a  back 
scattering  geometry.  A  bulk  In2Te3  sample^  grown  by  the  horizontal  B  rid  genian  technique 
at  UC  Cardiff  was  used  as  a  standard  for  comparison.  X-ray  analysis  of  the  layers  used  a 
single  crystal  diffractometer  together  with  Weissenberg  and  oscillation  photographs 
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utilizing  Cu  Rot  radiation.  Photoreflectance  measurements  were  used  to  measure  the  band- 
gap  and  were  performed  with  a  standard  facility!  1  that  used  a  Ge  or  Si  detector  and  a 
6328A  He-Ne  pump  beam  to  produce  the  electric  field  modulation.  Measurements  were 
conducted  at  300  and  77K  in  the  vicinity  of  the  direct  gap.  Eg. 

InSb  and  CdTe  were  grown  by  MBE  on  thin  film  (S00A)  In2Te3  epilayers  at  300°C  The 
InSb  and  CdTe  growth,  together  with  the  experimental  details  of  the  Auger  depth  profiling, 
has  been  described  elsewhere1* 

Results 

Initiating  growth  of  the  Indium  telluride  resulted  in  an  immr^igt*  conversion  from  the  Sb 
stabilized  (2X2)  InSb  RHEED  pattern1 2  to  a  characteristic  streaked  pattern  shown  in 
Figure  1.  For  flux  ratios  JTe^In  <3/2  this  pattern  became  spotted  and  eventually  vanished, 

indicative  of  a  disordered  growth,  after  approximately  300A  growth  for  all  substrate 
temperatures  studied.  For  growth  with  flux  ratios  JTe^In ^3/2  and  a  substrate  temperature 

of  300°C,  the  pattern  remained  streaked  throughout  the  entire  growth.  Growth  at  substrate 
temperatures  greater  than  300°C  required  Te/In  flux  ratios  greater  than  3/2  to  preserve  the 
streaked  two-dimensional  growth  pattern. 

Energy  dispersive  X-ray  spectra  of  samples  grown  at  Ts  *  300°C  and  flux  ratios, 
JTe/Jln<3/2  and  JjqPi^Z/2  (Figure  2,  (a)  and  (b)  respectively)  are  compared  with  the 
spectrum  obtained  from  a  bulk  In2Te3  reference  standard.  The  spectra  for  layers  grown  at 
300°C  and  flux  ratios  Jjc/J ^£3/2  were  identical  to  that  obtained  from  the  bulk  In2Te3 
standard,  indicating  that  the  stoichiometry  of  these  layers  was  identical  to  that  of  the  In2Te3 
bulk  standard.  Layers  grown  with  flux  ratios  JT^In<3/2  were  identified  to  be  In  rich. 


Auger  spectra  of  the  MBE  grown  layers  were  compared  with  the  Auger  spectrum  obtained 
for  the  In2Te3  bulk  standard  The  spectra  obtained  from  samples  grown  at  300°C  with  flux 
ratios  Jt^Jiq23/2  matched  the  spectrum  obtained  from  the  bulk  standard  Samples  grown 
with  flux  ratios  JTe^In^^  were  identified  as  In  rich,  correlating  and  supporting  the 
results  obtained  from  the  EDX  studies.  An  Auger  spectrum  from  a  stoichometric  In2Te3 
layer  is  shown  in  Fig  3.  High  magnification  SEM  imaging  of  the  samples  showed  a  clear 
distinction  between  the  stoichiometric  and  non-stoichiometric  layers.  The  stoichiometric 
layers  had  a  smooth  surface  morphology  whilst  non-stoichiometric  layers  were  rough  and 
structured  with  island-type  precipitates.  Further  examination  by  EDX  identified  these 
precipitates  as  indium. 

Raman  studies  of  an  llOOA  thick  MBE  layer  grown  under  JTe/Jln>3/2  and  Ts*300  °C 
growth  conditions  were  compared  with  the  spectrum  obtained  from  a  bulk  In2Te3  sample. 
Although  the  optical  constants  of  In2Te3  are  not  well  documented  the  penetration  depth  of 
the  laser  light  used  in  the  studies  was  considered  to  be  less  than  1  lOOA,  ensuring  that  there 
would  be  no  contributions  from  the  InSb  buffer  and  substrate  appearing  in  the  Raman 
spectrum.  The  spectra  obtained  for  the  MBE  layer  and  In2Te3  bulk  are  shown  in  Fig. 

4(a)  and  (b)  respectively.  Both  spectra  exhibit  prominent  peaks  labeled  A3»C  and  D  for 
the  In2Te3  layer  and  A \B\C  and  D'  for  the  bulk  material.  The  position  of  these  features 

are  in  excellent  agreement  Slight  interference  with  A,B  and  C  is  caused  by  an  additional 
background  from  the  amorphous  Sb,  which  has  a  characteristic  broad  band  which  peaks  at 
152  cm~l  13.  Additional  features  at  70  cm*l  can  also  be  seen,  although  difficult  to 
separate  from  the  increasing  background  due  to  Rayleigh  scattering  from  a  slightly  rough 
sample  surface.  Whilst  little  is  known  about  the  Raman  spectrum  of  many  of  the  indium 
tellurides,  InTe  has  been  reported14,  and  the  spectrum  differs  substantially  from  Fig.  4  (a) 
and  (b). 
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Further  characterization  of  the  MBE  grown  indium  telluride  and  analysis  of  the  crystal 
structure  were  obtained  from  X-ray  diffraction,  Weissenberg  and  oscillation  photographs. 
Fig  5(a)  and  (b)  show  20  diffractometer  traces  of  a  1 100A  thick  In2Te3  layer  grown  on 
an  InSb(lOO)  substrate  for  InSb(200)  and  InSb(400)  reflections  respectively.  In2Te3 (600) 
and  In2Te3(12,00)  reflections  are  observed  in  these  traces  suggesting  that  In2Te3<100> 

lies  along  InStxl00>  direction  with  an  out  of  plane  lattice  parameter  of  18.50A.  This 
lattice  parameter  is  in  good  agreement  with  a  value  of  18.48$  reported?  for  bulk  In2Tc3- 

To  confirm  that  the  periodicity  was  18.50A  in  the  plane  of  the  epitaxial  film,  Weissenberg 
and  oscillation  photographs  were  taken.  Figure  6  shows  the  oscillation  photographs  of 
In2Te3/InSb(100)  taken  about  (OlT).  oscillation  axis.  Jurat  and  second  layers  of  InSb  are 

observed  with  a  repeat  distance  of  4.58A  (6.48/V2  A).  Weak  and  medium  intensity  layers 
are  seen  for  In2Te3-  Zero  to  sixth  layers  are  identifiable  with  a  repeat  distance  of  13.08  A 

(18.50/^2  A),  suggesting  that  the  in  plane  lattice  parameter  of  the  film  is  18.50A.  All  the 
reflections  can  be  indexed  based  on  a  f.c.c.  lattice  with  lattice  parameter  of  1 8 .50 A. 

Photoreflectance  spectra,  measured  in  the  vicinity  of  Eg  are  presented  in  Fig  7.  The  line 
shapes  are  qualitatively  similar  to  those  observed  in  other  semiconductors  1 1  with  a  sharp 
oscillation  near  the  transition  energy;  the  broad  feature  below  it  is  most  likely  due  to 
absorption  modulation  of  the  light  that  is  transmitted  through  the  film  and  reflected  from  the 
In2Te3/InSb  interface^  .  The  maximum  in  the  spectrum  is  assumed  to  represent  the 

transition  energy  and  found  to  be  1.19±0.02  eV  and  1.31±0.015  eV,  at  300  and  77K 
respectively. 

The  ability  to  grow  thin  film  In2Te3  made  it  possible  to  study  the  subsequent  growth  of 
InSb  and  CdTe  on  these  layers.  An  Auger  depth  profile  of  a  500A  In2Te3  layer  grown  on 
a  InSb  homoepitaxial  layer  is  shown  in  Fig.  8.  The  interface  is  seen  to  be  abrupt  and 
estimated  to  be  less  than  100A,  with  no  evidence  of  intermixing  between  the  InSb  and 
In2Te3  layers.  A  800-s  InSb  growth  was  attempted  on  a  500A  In2Te3  layer  with  T$»300 


°C  and  t  growth  rate  of  0.6  A/s  to  give  a  nominal  growth  of  5 00 A.  The  RHEED  pattern 
showed  no  change  from  the  characteristic  In2Te3  pattern  (Fig.  1)  upon  initiating,  and 

during  growth  of  the  InSb.  The  Auger  depth  profile  of  the  resulting  layer  is  shown  in  Fig. 
9(a).  There  is  no  evidence  of  InSb  layer  growth.  Comparison  with  Fig.  8  indicates  that 
the  layer  is  In  rich  with  respect  to  InjTej  and  the  interface  broader.  A  300-s  CdTe  growth 
was  attempted  on  a  500A  In2Te3  layer  at  Tj«300°C  under  stoichiometric  flux  conditions 
(JCd/^Te*!)  “6  nominal  growth  rate  of  1.8SA/S.  The  RHEED  pattern  remained 
unchanged  from  the  In2Te3  pattern  during  growth  of  the  CdTe.  The  resulting  Auger  depth 
profile  is  shown  in  Figure  9(b).  No  CdTe  layer  growth  is  evident  However,  Cd  has 
been  incorporated  through  approximately  400A  of  the  indium  telluride  layer,  suggesting  the 
formation  of  an  alloy.  A  similar  CdTe  growth  was  attempted,  with  a  Cd/Te  flux  ratio 
jQj/JTe“3/l.  The  RHEED  pattern  remained  unchanged  from  the  In2Te3  pattern  during 

growth.  The  resulting  profile  is  shown  in  Fig.  9(c).  In  this  case  the  Cd  has  mixed 
uniformly  throughout  the  indium  telluride  layer.  Initial  analyses  of  the  Auger  data  using 
sensitivity  factors  suggest  that  the  resulting  layer  has  ratios  Cd:In:Te  of  1:2:4 


Discussion 

We  have  shown  that  single  crystal  In2Te3  can  be  grown  epitaxially  on  InSb(lOO)  at 
substrate  temperatures  300£Tj£350  and  flux  ratios  3/2£JTe/Jjn<5/2.  For  a  given 
growth  temperature,  there  is  a  minimum  Te/In  flux  ratio  required  for  epitaxial  growth  (3/2 
at  300°C),  below  which  the  layers  are  non-epitaxial  and  indium  rich.  The  minimum  Te/In 
flux  ratio  increases  as  the  growth  temperature  is  increased,  suggesting  that  the  ratio  in  the 
Te/In  sticking  coefficients  decrease  with  increasing  growth  temperature. 

The  Weissenberg  and  oscillation  photographs  indicate  that  the  In2Te3  layers  are  in  the  a- 
phase,  where  the  cation  vacancies  are  distributed  uniformly  throughout  the  In  sublattice.  It 


is  of  fundamental  interest  for  MBE  growth  dynamics  to  ascertain  whether  the  ordered 
vacancy  structure  is  farmed  on  the  growth  surface  during  epitaxy,  or  if  the  vacancy 
distribution  on  the  growth  surface  is  random  and  there  is  a  subsequent  rearrangement  of  the 
In  sublattice  within  the  layer.  A  detailed  analysis  of  the  RHEED  pattern  during  growth  may 
help  to  clarify  these  points. 


We  report  a  value  far  the  bandgap  of  the  a-phase  of  In2Te3  to  be  1.19±0.02eV  and 

1.31±0.015eV,  at  300  and  77K,  respectively  as  measured  by  photoreflectance.  As  far  as 
we  are  aware,  this  is  the  first  direct  measurement  of  the  band* gap  of  a-In2Te3  .  A  value 

of  1.12eV  has  been  deduced  from  electrical  measurements16-  Other  300K  band  gap  values 
reported  range  from  l.OleV  for  the  phase,  determined  from  absorption  measurements17, 
to  1.2eV  determined  from  the  reflectivity18;  pseudopotential  calculations  yield  a  band  gap 
of  1.3eV  for  the  P-phase1?. 


We  have  shown  that  an  attempt  to  grow  an  epitaxial  layer  of  either  InSb  or  CdTe  on  In2Te3 
layers  at  growth  temperatures  compatible  with  InSh/In2Te3  and  CdTe/In2Te3/InSb 
multilayer  growth  (300eC)  results  in  severe  intermixing  in  the  In2Te3  layer  with  no  InSb 

or  CdTe  layer  growth.  RHEED  studies  indicate  that  the  layers  formed  are  crystalline.  For 
InSb  growth  on  In2Te3  Auger  depth  studies  show  In  incorporation  into  the  In2Te3  layer. 
In  contrast  an  abrupt  interface  is  observed  for  the  growth  of  In2Te3  on  InSb  . 
Consideration  of  the  thermodynamics  of  the  In2Te3-InSb  interface  can  help  to  explain  the 

heterogeneity  of  the  two  growths.  For  this,  we  ignore  the  fact  the  reactants  may  be 
dimen  or  tetramen  (i.e.  Te2,  Sb4> ,  assuming  that  the  molecular  beam  species  degenerate 

into  the  monomer  upon  contact  with  the  growth  surface.  As  such  the  deduced  change  in 
enthalpy  should  only  be  considered  approximate.  For  the  growth  of  In2Te3  on  InSb  we 

can  consider  the  following  reaction  where  In  and  Te  are  present  on  an  InSb  surface. 


InSb(S)  +  2In^,j+  3Te(,j 


InSb(l)  +  In2Te3(<) 


(D 


for  which  the  change  in  enthalpy  AH  is  -45.8  kcal^O.  Our  growth  conditions  were 
carefully  controlled  by  tailoring  Jpe^In  to  ensure  In2Te3  formation  rather  than  InTe  or 
In2Te5.  and  we  will  not  consider  these  other  possible  reactions  here.  For  the  growth  of 
InSb  on  In2Te3  we  consider  In  and  Sb  present  on  an  In2Te3  surface. 

In2Te3(») +  ^°(») +  Sb^g)  )  +  AH*-7.520  (2) 

where  the  In  and  Sb  react  to  form  InSb.  However,  if  the  Sb  has  a  short  residence  lifetime 
with  respect  to  the  In,  the  growth  surface  may  be  Sb  deficient  and  we  should  consider  the 
following  possible  reactions. 

In2Te3(l)  +  Ii^,)  — >  3InTe(l)  AH*-  5.820  (3) 

In2TC3(.)  +  4In(,)  “>  3In2Te(1)  "  AH-11.220  (4) 

For  reactions  (3)  and  (4)  the  elemental  In  converts  In2Te3  to  InTe  or  In2Te  respectively. 
The  experimental  results  indicating  the  inability  to  grow  InSb  on  In2Te3,  with  the 
incorporation  of  In  into  die  In2Te3  layer  suggests  that  the  MBE  growth  of  InSb  on  In2Te3 
may  be  described  by  a  reaction  such  as  (3)  or  (4). 

Whilst  these  thermodynamic  considerations  are  non-rigorous,  they  suggest  that  InSb 
growth  may  be  possible  on  In2Te3  if  sufficient  Sb  is  present  on  the  In2Te3  growth 
surface  to  bond  with  the  available  In.  Once  InSb  growth  has  been  initiated  on  the  In2Te3 , 

the  resulting  interface  should  be  stable,  since  no  chemical  equation  with  a  negative  change 
in  enthalpy  can  be  written  with  InSb  and  In2Te3  as  the  reactants.  This  thermodynamic 
consideration  is  supported  by  the  abrupt  interface  observed  for  the  growth  of  In2Te3  on 
InSb  (Figure  8). 

For  CdTe  growth  on  In2Te3  there  is  severe  Cd  interdiffusion.  Increasing  the  Cd  flux 
results  in  a  uniform  incorporation  of  the  Cd  throughout  the  indium  telluride  layer. 
Preliminary  Auger  data  suggests  that  the  layer  so  formed  may  be  a  ternary  alloy  such  as 
CdIn2Te4.  Further  analysis  by  Raman  and  X-ray  will  help  to  clarify  these  points.  The 


readiness  of  Gd  to  interdiffuse  into  the  ln2Te3  layer  supports  die  notion  that  the  interfacial 

layer  formed  during  growth  of  CdTe  on  InSb  under  conventional  MBE  growth  conditions 
is  complex  and  is  unlikely  to  consist  of  merely  a  thin  layer  of  InjTes  and  elemental  Sb. 

While  these  studies  suggest  that  the  successful  growth  of  InSb/In2Te3  and  CdTe/In2Te3 
multilayers  is  unlikely,  the  results  shed  additional  insight  into  the  MBE  growth  of  mixed 
systems.  Recent  studies  1’$  of  the  growth  of  CdTe  on  InSb  have  shown  that  simple 
thermodynamic  considerations  8  are  applicable  to  the  MBE  growth  of  this  H-VT/III-V  mixed 
system.  The  results  presented  in  this  paper  also  suggest  that  simple  thermodynamic 
concepts  can  be  successfully  applied  to  the  MBE  growth  of  a  mixed  m-V/IH-VI  system. 
We  believe  that  these  thermodynamic  concepts  combined  with  considerations  of  the 
surface  residence  lifetimes  of  the  incident  beam  species  will  prove  to  be  of  fundamental 
importance  in  predicting  and  optimizing  growth  conditions  for  the  MBE  of  other  mixed 
multilayer  systems. 
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20  Change  of  enthalpy  calculated  from  heats  of  formation  obtained  from  Ref.7 


Figure  captions 


Figure  J- 

Reflection  high  energy  electron  diffraction  pattern  observed  along  [01 1]  azimuth  during 
growth  of  In2Te3  with  TS=300°C  and  Jje/^In  =  3/2. 

Figure  2 

Energy  dispersive  X-ray  spectra  of  7000A  thick  indium  telluride  layers  grown  by  MBE  at 
a  growth  temperature  of  300°C  and  with  flux  ratios  (a)  Jje/Jln  <  3/2  and  (b)  JTe/Jln  -  3/2. 
The  spectra  are  compared  with  the  spectrum  obtained  from  a  In2Te3  bulk  standard. 

Figure  3 

Auger  spectrum  of  MBE  grown  In2Te3  layer. 

Figure  4 

Raman  spectra  (l=514.5ntn,  T=80K)  of  (a)  1 100A  thick  In2Te3  layer  capped  with  50A  of 
Sb.  (b)  In2Te3  bulk  standard. 

Figure  5 

Diffraction  traces  of  1 100A  thick  In2Te3  layer  grown  on  InSb(lOO)  substrate  for  (a) 
InSb(200)  reflection,  (b)  InSb(400)  reflection. 

Figure  6 

Oscillation  pattern  of  In2Te3  /InSb(lOO)  taken  about  (01 1  ft  oscillation  axis.  All  reflections 
can  be  indexed  based  on  a  f.c.c.  lattice  with  lattice  parameter  of  18.50A. 

Figure  7 

Photoreflectance  spectra  of  1 100A  In2Te3  layer.  The  transition  energy  is  1.19±0.02eV 
and  1.31±0.015eV,  at  300K  and  77K  respectively. 

Figure  8 

Auger  depth  profile  of  500A  In2Te3  layer  grown  on  an  InSb  homoepitaxial  layer. 

Figure  9 

Auger  depth  profiles  of  the  attempted  growth  at  300°C  of  (a)  InSb  ,  (b)  CdTe  with  Jcd^Te 
*  1,  (c)  CdTe  with  JCd^Te  =  3,  on  500A  thick  In2Te3  layers.  The  estimated  nominal 
thickness  of  the  InSb  and  CdTe  growths  was  5(X)A. 
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We  have  used  the  technique  of  molecular-beam  epitaxy  to  grow  layers  of  CdTe  on  InSb  and 
InSb  on  CdTe  and  have  performed  a  detailed  analysis  of  the  layers  and  their  interfaces  using 
Auger  depth  profiling  and  reflection  high-energy  electron  diffraction.  We  show  that  significant 
improvements  in  interfacial  quality  can  be  obtained  by  the  proper  choice  of  fluxes  during 
growth.  The  use  of  a  Cd/Te  flux  ratio  of  3:1  (JCd/yT.  =  3)  during  the  growth  of  CdTe  has 
enabled  epitaxy  at  a  substrate  temperature  of  300  *C.  Interfaces  formed  with  this  flux  ratio  are 
abrupt,  in  sharp  contrast  to  those  formed  under  stoichiometric  flux  conditions  (7Cd/JXe  =  1). 
Subsequent  growth  of  InSb  at  a  substrate  temperature  of  300  ‘C  on  thin  CdTe  epilayers  (400 
and  800  A)  is  examined  as  a  function  of  the  InSb  growth  rate  and  Sb/In  flux  ratio.  Quality  of 
the  interfaces  shows  a  progressive  improvement  with  increasing  InSb  growth  rate. 


I.  INTRODUCTION 

There  is  at  present  considerable  interest  in  the  InSb/ 
CiHV  material  system.  The  mixed  III-V/II-VI  heterostruc- 
tur’  nas  a  near  perfect  lattice  match  (Aa/o  <0.05%), 
ttlujr.,  combined  with  the  large  difference  in  band  gaps 
between  CdTe  (£t  =  1.44  eV)  and  InSb  (£f  =0.18  eV), 
offers  great  potential  for  the  fabrication  of  quantum-well  la¬ 
sers  and  detectors  spanning  the  photon  energy  range  0.2-0.5 
eV  1 2. 5-6 /am ).  The  small  effective  mass  of  electrons  in  InSb 
promises  low-temperature  HEMT  structures  with  excep¬ 
tionally  high  electron  mobilities'  and  should  allow  quantiza¬ 
tion  effects  to  be  seen  in  significantly  wider  wells  than  with 
the  more  familiar  material  systems. 

Attempts  at  experimental  realization  of  multilayer 
structures  have  met  with  only  limited  success.  Although 
good  structural  properties  have  been  reported  for  CdTe  lay¬ 
ers  grown  by  molecular-beam  epitaxy  (MBE)  on  InSb  sub- 
strates2-3  and  homoepitaxial  layers4  and  for  InSb  layers 
grown  by  MBE  on  ( 100)  oriented  CdTe  substrates,1  recent 
studies6"  of  the  growth  of  CdTeon  InSb  under  typical  MBE 
growth  conditions  have  shown  that  the  interfaces  are  com¬ 
plex  due  to  a  chemical  reaction  between  InSb  and  CdTe.  A 
study  of  the  growth  of  InSb/CdTe  multilayers  has  been  re¬ 
ported,7  where  reflection  high-energy  electron  diffraction 
(RHEED)  patterns  indicated  that  individual  layers  grown 
at  a  substrate  temperature  of  220-240  *C  were  ordered.  Al¬ 
though  structurally  good  InSb  epilayers  have  been  reported5 
for  substrate  temperatures  in  the  range  225-275  *C,  electri¬ 
cally  active  layers  have  only  been  reported*  for  substrate 
temperatures  in  excess  of  270  *C.  To  be  useful  for  electronic 
device  applications  which  involve  tunneling,  the  thickness  of 
individual  layers  of  a  multilayer  device  must  be  limited  to 
several  hundred  angstroms.  To  facilitate  growth,  a  substrate 
temperature  must  be  found  which  results  in  high  structural 
*nd  electronic  quality  of  both  CdTe  and  InSb. 

In  this  paper,  we  present  results  of  a  study  of  the  MBE 

*'  Permanent  add  rot  Cavendish  Laboratory,  University  of  Cambridge, 
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growth  of  CdTe  on  InSb  homoepitaxial  layers,  and  of  InSb 
on  CdTe  epilayers  for  potential  applications  in  two-dimen¬ 
sional  electron  gas  (2DEG )  and  electron  tunneling  devices. 
Auger  depth  profiling  has  been  used  to  examine  the  layers 
and  their  interfaces.  We  show  that  significant  improvements 
in  interfacial  quality  can  be  obtained  by  the  proper  choice  of 
fluxes  during  growth.  CdTe  layers  have  been  grown  on  InSb 
for  substrate  temperatures  of  200  and  300  *C  under  stoichio¬ 
metric  (Jca  /JTt  —  1 )  and  Cd-enhanced  (/Cd//T,  =  3)  flux 
conditions.  The  use  of  an  enhanced  Cd  flux  has  enabled  epi¬ 
taxy  of  CdTe  on  InSb  at  300  *C,  a  temperature  which  is  com¬ 
patible  with  the  subsequent  growth  of  electrically  active 
InSb.  Growth  of  InSb  epilayers  on  thin  layers  (400  and  800 
A )  of  CdTe  at  a  substrate  temperature  of  300  *C  is  examined 
as  a  function  of  InSb  growth  rate  and  Sb/In  flux  ratio.  Inter¬ 
faces  are  intermixed,  but  show  a  progressive  improvement 
with  increasing  InSb  growth  rates. 

II.  EXPERIMENT 

CdTe  and  InSb  epitaxial  layers  were  grown  in  a  Varian 
360  MBE  system  equipped  with  a  quadrupole  mass  analyzer 
and  in  situ  RHEED  and  flux  monitoring  facilities.  Base  pres¬ 
sure  during  growth  was  below  5  X  10~ 10  Torr.  Prior  to  load¬ 
ing,  InSb  ( 100)  substrates  were  solvent  cleaned  and  mount¬ 
ed  onto  molybdenum  support  blocks  using  a  colloidal 
suspension  of  graphite  in  alcohol.  Immediately  before 
growth  the  native  oxide  was  removed  from  substrate  sur¬ 
faces  by  heating  at  410  *C  in  an  Sb4  flux.  A  single  effusion  cell 
containing  high-purity  CdTe  was  used  to  provide  a  stoichio¬ 
metric  beam  of  Cd  and  Te:  (Ref.  2)  and  was  supplemented 
by  a  cell  containing  Cd  for  Cd-enhanced  (/Cd  /Jjt  >  1 )  stud¬ 
ies.  A  relative  measure  of  the  flux  from  a  given  cell  was  ob¬ 
tained  by  interposing  an  ion  gauge  flux  monitor  into  the  mo¬ 
lecular  beam  and  relating  the  measured  beam  equivalent 
pressure  to  the  cell  temperature,  molecular  weight,  and  ioni¬ 
zation  efficiency  of  the  beam  species.  Normal  settings  for  the 
CdTe  cell  gave  a  total  flux  of  2.4  X  10'4  atoms/cm:/s  which 
corresponded  to  a  homoepitaxial  growth  rate  at  T,  »  220  *C 
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of  approximately  1 .7  A/s  (0.6/im/h ) .  The  Cd  cell  was  set  to 
supply  its  maximum  safe  flux  of  2.6x  10u  atoms/cm:/s  giv¬ 
ing  a  flux  ratio  value  /Jlc  =  3  during  the  Cd-enhanced 
growth  experiments.  Separate  elTusion  cells  containing  high- 
purity  In  and  Sb  were  used  for  growth  of  InSb.  Ail  InSb 
homoepitaxial  and  heteroepitaxial  layers  were  grown  at  T, 
=  300  *C  with  growth  rates  in  the  range  0.3-2.0  A/s  (0. 1- 
0.7  /im/h).  Practical  considerations  related  to  the  In  cell 
temperature  prevented  growth  of  InSb  with  rates  in  excess  of 
0.7  fim/h.  was  kept  in  the  range  1. 1-3.5  to  keep 

within  the  (2x2)  Sb-stabilized  surface  reconstruction9  as 
indicated  by  RHEED. 

Immediately  following  growth,  each  sample  was  trans¬ 
ferred  in  air  to  a  Physical  Electronics  560  scanning  Auger 
microscope  configured  with  a  double  pass  cylindrical-mir¬ 
ror  analyzer  and  a  differentially  pumped  and  gettered  argon 
ion  gun.  Depth  profiles  of  the  constituent  species,  as  well  as 
of  carbon  and  oxygen,  were  obtained  by  alternate  sputtering 
and  data  acquisition  periods  of  30  and  80  s,  respectively.  No 
carbon  or  oxygen  recontamination  was  seen  within  the  lay¬ 
ers  during  the  profile.  To  reduce  artificial  broadening  of  the 
growth  interface,  the  sputter  beam  of  4-kV  argon  ions  was 
incident  at  40*  from  the  sample  surface  normal  with  the  sput¬ 
ter  rate  reduced  to  20-30  A/min  by  expanding  to  a  6  X  6  mm 
raster.  The  growths  and  sputter  depths  were  limited  to  a  few 
thin  compositional  periods  to  reduce  roughness  due  to  pref¬ 
erential  ion  etching  of  ( 100)  InSb  as  observed  in  electron 
micrographs.  The  electron  beam  was  used  in  spot  mode  and 
incident  on  the  surface  at  40*  from  the  surface  normal.  An 
electron  energy  of  3  kV  was  used  with  a  moderate  and  con¬ 
stant  current  of  0. 1 6/z  A.  Auger  peaks  overlapping  the  MNN 
transitions  were  minimized  by  collecting  high  energy  resolu¬ 
tion.  A £/£  =  0.4%,  pulse  count  data  from  selectively  con¬ 
tracted  energy  “windows." 

The  Auger  analysis  was  calibrated  in  the  usual  manner. 
The  analyzer  energy  scale  was  referenced  to  the  known  ener¬ 
gy,  2  keV,  of  electrons  backscattercd  from  a  sample  surface 
while  at  its  focal  point,  and  the  beam  current  was  measured 
from  the  sample  stage  while  biased  to  +  130  V.  The  current 
density  of  the  argon  beam  was  600/M/cm:  with  FWHM  of 
550  fjm  and  the  sputter  rates  were  referenced  to  thin-film 
standards  and  to  bulk  (110)  CdTe.  These  agree  well  with 
our  known  MBE  growth  rates.  Finally,  Auger  signal 
strengths  from  bulk  ( 100}  InSb  and  (111)  CdTe  were  used 
to  judge  stoichiometric  conditions  within  the  MBE  layers. 


III.  RESULTS 

Auger  depth  profiles  of  300-s  growths  of  CdTe  under 
stoichiometric  beam  conditions  =  1)  on  1000-A 

InSb  homoepitaxial  layers  at  substrate  temperatures  T, 
=  200  and  300  *C  are  shown  in  Fig.  1.  For  growth  at  T, 
=  200  *C,  the  (2x2)  InSb  RHEED  pattern  converted  to  a 
streaked  (2x1)  CdTe  pattern  immediately  after  CdTe 
growth  was  initiated.  The  epilayer  is  stoichiometric  with  a 
thickness  of  approximately  500  A  which  corresponds  closely 
to  that  calculated  from  flux  measurements.  Width  of  the 
interface  is  estimated  to  be  1 20- 1 80  A,  a  value  which  is  near 
the  Auger  resolution  limit.  For  growth  at  T,  ■*  300 'C,  the 


FlO.l.  Auger  depth  profiles  of 300-s  growths  of  CdTe  on  InSb  homocptux- 
ial  layers  with  Ja/Ju  —  I  for  substrate  temperatures  of  (a)  200  and  (b) 
300  *C. 


(2x2)  InSb  RHEED  pattern  vanished  immediately  after 
CdTe  growth  was  initiated,  indicating  a  disordered  growth. 
The  resulting  layer  is  deficient  in  Cd  and  rich  in  In  and  Te. 
Layer  thickness  is  estimated  to  be  150  A.  These  results  are 
similar  to  those  recently  reported  by  Mackey  et  at.,*  where 
indium  telluride  compounds  were  identified  at  the  InSb/ 
CdTe  interface.  It  has  been  suggested  that  the  lack  of  Cd 
incorporation  in  layers  grown  at  300  *C  may  be  attributed  to 
a  Cd  deficiency  on  the  growth  surface,  thereby  allowing  Te 
to  react  with  the  InSb.  To  overcome  this  Cd  deficiency  we 
grew  layers  of  CdTe  on  InSb  using  an  enhanced  Cd  flux.  For 
T,  =  300  *C,  the  additional  Cd  flux  has  a  dramatic  effect  on 
the  quality  of  layers  and  interfaces.  An  Auger  depth  profile 
of  a  300-s  growth  of  CdTe  using  Cd-enhanced  flux  condi¬ 
tions  (/c< |//r«  =  3)  is  shown  in  Fig.  2(a)  .  The  (2x2)  InSb 
RHEED  pattern  converted  to  a  streaked  (2x1)  pattern  im¬ 
mediately  after  CdTe  growth  was  initiated  The  depth  pro¬ 
files  show  that  the  interfacial  width  for  this  sample  is  as 
abrupt  as  that  grown  under  stoichiometric  flux  conditions  at 
T,  —  200  *C.  To  establish  that  the  high-quality  epitaxy  of 
thin  CdTe  layers  grown  at  elevated  temperatures  is  due  to 
the  enhanced  Cd  flux  and  not  to  the  total  Cd  flux  or  growth 
rate,  the  temperature  of  the  CdTe  cell  was  set  to  give  a  Cd 


1874 


J.  Appl  Ptiya.,  Vot.  84.  No.  4,  IS  August  1888 


Golding.  Martmka,  and  Oman 


1874 


4  •  1}  14  B  M  a  B  M  40 


a nrm*  tmme  ium  i 

FIG.  2.  Auger  depth  profiles  oflOO  •  rrowths  of  CdTe  on  InSb  homoepitax- 
ializyers  with  substrate  tempera  i  „re  of  300  'C  for  ( > )  Ja  /Jlt  «  3  and  (b) 
2C ,  '/T,  m  1,  with  CdTe  f  as  adjusted  to  give  a  Cd  component  equal  to  the 
totaled  flux  in  (a). 


component  equal  to  the  total  Cd  flux  used  during  the  Cd* 
enhanced  growth.  An  Auger  depth  profile  of  a  300-s  growth 
of  CdTe  at  T,  *=  300  *C  with  Ja/J-t,  *  1  and  total  flux  of 
7.2 X 1014  atoms/cmVs  (corresponding  to  a  growth  rate  of 
1.5  jim/h)  is  shown  in  Fig.  2(b).  Again,  the  layer  formed  is 
rich  in  In  and  Te  with  severely  degraded  interfacia]  quality. 

The  ability  to  grow  thin  layers  of  CdTe  on  InSb  at  T, 
*  300  *C  made  it  possible  to  study  the  subsequent  growth  of 
InSb  on  these  layers.  Layer  and  interface  quality  of  the  films 
grown  was  examined  as  a  function  of  the  InSb  growth  rate 
and  Sb/In  flux  ratio.  Epitaxy  of  InSb  on  CdTe  epilayers  was 
not  achieved  for  growth  rates  less  than  0.15  /itn/h  for 
•/*,//,,,  in  the  range  1. 1-3.5.  Immediately  after  initiation  of 
growth  of  InSb,  the  streaked  (2x1)  CdTe  RHEED  pattern 
became  spotty,  an  indication  of  three-dimensional  nuclea- 
tion.  This  spotted  pattern  remained  unchanged  throughout 
the  growth  period.  Auger  depth  analysis  revealed  complete 
degradation  of  the  400- A  CdTe  underlayer  with  severe  inter¬ 
mixing  throughout.  For  growth  rates  of  0.2  /rm/h  or  higher, 
the  (2x1)  CdTE  RHEED  pattern  immediately  became 
(potty,  but  gradually  changed  to  the  (2x2)  Sb-stabilized 
pattern  characteristic  of  homoepitaxial  InSb.  The  time  taken 
for  the  RHEED  pattern  to  evolve  was  approximately  3,  2, 
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and  1  min  for  growth  rates  of  0.2, 0.4,  and  0.7  /rm/h,  respec¬ 
tively.  Auger  analysis  reveals  that  the  degree  of  intermixing 
is  independent  of  J^/J^  but  dependent  on  the  InSb  growth 
rate,  with  the  highest  growth  rate  resulting  in  the  least  inter¬ 
mixing.  The  decrease  in  In  and  Sb  in  the  CdTe  underlayer  as 
the  InSb  growth  rate  is  increased  is  evident  in  Fig.  3.  For  all 
growth  rates,  however.  In  and  Sb  are  present  throughout  the 
400- A  CdTe  layer  leading  to  a  deterioration  and  broadening 
of  the  initial  (CdTe  on  InSb)  interface.  To  prevent  this 
broadening  of  the  initial  interface,  an  800-  A  CdTe  layer  was 
grown.  The  depth  profile  of  this  structure,  grown  with  our 
maximum  InSb  growth  rate  of  0.7  //m/h,  is  show  n  in  Fig.  4. 
There  is  a  distinct  asymmetry  between  the  first  and  second 
interfaces.  Growth  of  the  InSb  epilayer  has  induced  a  Cd  loss 
resulting  in  an  In-  and  Te-rich  interfacial  region  and  incor¬ 
poration  of  In  and  Sb  throughout  the  CdTe  layer.  In  a  sepa¬ 
rate  study,  small  shifts  in  energy  and  shape  of  Auger  peaks 
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FIG.  3-  Auger  depth  profile  of  an  InSb  epilsyer  grown  with  a  substrate 
temperature  of  300  *C  on  a  400-A-thick  CdTe  layer  with  In  and  Sb  fluxes 
corresponding  to  growth  rates  of  (a)  0.7,  (b)  0.4,  and  (c)  0.2  pm/b. 
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FIG.  4.  Auger  depth  profile  of  an  InSb/CdTe/lnSb  structure  grown  at  a 
substrate  temperature  of  300  *C  with  an  equivalent  growth  rate  for  InSb  of 
0.7  jum/h.  The  CdTe  layer  was  grown  to  a  thickness  of  s  800  A  under  Cd- 
enhanced  flux  conditions  «  3). 


for  the  elements  at  each  interface  indicated  similar  electronic 
environments  at  each  interface  and  the  presence  of  excess 
antimony. 

IV.  DISCUSSION 

We  have  shown  that  an  attempt  to  grow  CdTe  on  InSb 
at  T,  =  300  *C  under  stoichiometric  flux  conditions  results 
in  a  severely  intermixed  and  disordered  layer.  The  use  of  an 
enhanced  Cd  flux  during  growth  has  a  dramatic  effect,  re¬ 
sulting  in  a  CdTe  layer  which  is  epitaxial  and  an  interface 
which  is  abrupt.  This  suggests  that  the  residence  time  of  Cd 
on  the  InSb  surface  is  less  than  that  of  Te,  resulting  in  a  Cd 
deficiency  at  the  growth  surface  and  allowing  Te  to  react 
with  InSb  to  form  indium  telluride  compounds,  as  suggested 
by 

2  InSb(>)  +  3  Te(f)  —InjTej,,,  •+■  2  Sbm, 

for  which  the  change  in  enthalpy  LH  is  —  30.9  kcal.  Use  of 
an  enhanced  Cd  flux  clearly  reduces  or  eliminates  the  Cd 
deficiency,  ensuring  that  sufficient  Cd  is  available  on  the 
InSb  growth  surface  to  bond  with  the  incident  Te  and  inhibit 
access  of  Te  to  the  In.  Thus,  perhaps,  the  enhanced  Cd  flux 
need  only  be  applied  during  the  initial  stages  of  growth  to 
allow  nucleation  of  the  CdTe,  after  which  the  growth  can  be 
continued  under  stoichiometric  beam  conditions. 

We  believe  that  our  data  for  growth  at  T,  =  300  'C  of 
CdTe  on  InSb  have  implications  for  growth  at  200  *C.  Com¬ 
parison  of  the  interfacial  width  of  layers  grown  on  InSb  at 
200  *C  with  and  without  enhanced  Cd  flux  indicates  that  an 
enhanced  flux  improves  interfacial  quality  at  this  “typical” 
MBE  growth  temperature.  We  speculate  that  the  formation 
ofln:Te,  seen'1  in  samples  grown  under  similar  conditions  is 
reduced  or  eliminated  by  use  of  enhanced  Cd  flux  during 
growth.  The  relatively  low  mobilities  reported  for  a  2  DEG 
at  an  InSb/CdTe  interface  may  result  from  indium  loss  with¬ 
in  the  InSb  due  to  indium  telluride  compound  formation  at 
the  interface.  Samples  have  been  grown  at  T,  *  200  *C  using 
an  enhanced  Cd  flux  and  magnetotransport  measurements 


are  in  progress  to  assess  the  2DEG  transport  characteristics. 
It  would  be  of  interest  to  extend  our  growth  studies  to  in¬ 
clude  higher  values  of  Ju  /Jr, .  The  ability  to  grow  CdTe 
layers  on  InSb  at  200  *C  with  Jf^ /Jre  —  3  clearly  suggests 
that  higher  flux  ratios  could  be  beneficial  at  higher  growth 
temperatures. 

For  the  growth  of  InSb  on  CdTe,  the  dependence  of 
interfacial  abruptness  and  epitaxy  on  the  InSb  growth  rate 
suggests  a  competitive  process  between  the  intermixing  and 
deterioration  in  the  CdTe  and  the  nucleation  and  growth  of 
InSb.  It  is  possible  that  broadening  of  the  interface  profile  is 
caused  by  nonuniform  sputtering  of  the  InSb;  however,  the 
observed  Cd  deficiency  indicates  that  deterioration  of  the 
CdTe  has  occurred  during  the  InSb  growth,  most  likely  due 
to  formation  of  indium  telluride  compounds.  Results  similar 
to  those  in  Fig.  4  have  also  been  obtained  for  a  structure 
grown  at  275  ‘C,  indicating  that  atomically  abrupt  interfaces 
may  not  be  obtainable  for  values  of  T,  compatible  with 
growth  of  electrically  active  InSb. 

V.  CONCLUSION 

In  conclusion,  we  have  found  evidence  of  a  strong  chem¬ 
ical  reaction  which  occurs  at  the  CdTe/InSb  interface  dur¬ 
ing  MBE  growth  at  a  substrate  temperature  of  300  *C.  For 
growth  of  CdTe  on  InSb,  we  have  presented  a  technique  for 
suppressing  this  reaction  by  use  of  Cd-enhanced  flux  condi¬ 
tions.  For  growth  of  InSb  on  CdTe  layers  at  a  substrate  tem¬ 
perature  of  300  *C,  we  have  found  that  epitaxy  is  strongly 
dependent  on  the  InSb  growth  rate.  Our  results  extend  the 
substrate  temperature  range  to  225<7',<300*C,  within 
which  single-crystal  layers  of  both  CdTe  and  InSb  can  be 
grown  at  a  fixed  substrate  temperature.  We  have  shown  that 
multilayer  growth  is  possible  at  substrate  temperatures  com- 
patable  with  electrically  active  InSb,  but  that  thin  period 
(200  A)  InSb/CdTe  structures  for  tunneling  devices  may 
not  be  feasible  due  to  breakdown  of  the  CdTe  barrier.  How¬ 
ever,  the  question  of  whether  the  chemical  profiles  presented 
are  adequate  for  2DEG  or  tunneling  devices  can  be  answered 
only  after  electrical  transport  measurements  have  been 
made.  ' 
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Figure  15.  Primary  array  wavelength  versus 
heat  sink  temperature 
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